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We use polarized inelastic neutron scattering to study the spin-excitations anisotropy in the bilayer
iron-based superconductor CaKFe4As4 (Tc = 35 K). In the superconducting state, both odd and
even L−modulations of spin resonance have been observed in our previous unpolarized neutron
scattering experiments (T. Xie et al. Phys. Rev. Lett. 120, 267003 (2018)). Here we find that the
high-energy even mode (∼ 18 meV) is isotropic in spin space, but the low-energy odd modes consist
of a c−axis polarized mode around 9 meV along with another partially overlapped in-plane mode
around 12 meV. We argue that such spin anisotropy is induced by the spin-orbit coupling in the
spin-vortex-type fluctuations of this unique compound. The spin anisotropy is strongly affected by
the superconductivity, where it is weak below 6 meV in the normal state and then transferred to
higher energy and further enhanced in the odd mode of spin resonance below Tc.
PACS numbers: 74.25.-q, 74.70.-b, 75.30.Gw, 75.40.Gb, 78.70.Nx
The neutron spin resonance, a collective mode of spin
excitations appears at a specific energy around the anti-
ferromagnetic (AF) wave vector of the parent compounds
in the superconducting state, is generally believed as
a curial evidence for the spin-fluctuations mediated su-
perconducting pairing in unconventional superconduc-
tors [1–7]. Theoretically, the spin resonance mode is ar-
gued to be a collective bosonic mode from singlet-triplet
excitations of the Cooper pairs, thus it is expected to
be isotropic in the spin space due to its spin-1 nature
[5]. However, the case in iron-based superconductors
is much more complicated. Considering the fact that
the spin excitations in these materials have both local-
moment and itinerant characteristics[1–3], either by ap-
proximating to the parent compound with strong single-
ion anisotropy [3, 8, 10], or being affected by the orbital
ordering via spin-orbit coupling (SOC) [11–13], a spin
anisotropy can be present in the spin resonance mode.
While the spin anisotropy commonly exists in the low-
energy spin excitations even persists into high tempera-
ture well above the Ne´el temperature TN , the anisotropy
of the spin resonance is different among the iron-based
superconductors [1, 2, 4, 5, 15, 16, 18–20, 23–26]. For
example, the spin resonance mode in the 11-type com-
pounds FeSe seems to be purely c−axis polarized [25],
but in the 112-type compound Ca1−yLayFe1−xNixAs2,
it is completely isotropic [26]. In the 122-systems such
as K, Co, Ni or P doped BaFe2As2 compounds, although
the spin resonance modes are either c−axis polarized or
weakly a−axis polarized[1, 2, 4, 5, 15, 16, 20], the maxi-
mum energies of spin anisotropy in the superconducting
state have been found to be linearly scaling with their
superconducting critical temperature Tc [4, 5].
To further understand the spin anisotropy of the spin
resonance and the role of the SOC in iron-based super-
conductivity, we have performed polarized neutron scat-
tering experiments on a stoichiometric iron-based super-
conductor CaKFe4As4 with Tc = 35 K [Fig. 1(a)] [27, 28].
In this compound, neither the tetragonal-orthorhombic
structural transition related to the nematic order nor the
long-ranged magnetic order with single ion anisotropy
exists, and the absence of chemical dopants gives mini-
mum disorder effect from local impurity. Even though,
the SOC may also exist in CaKFe4As4, since it may nat-
urally close to a quantum critical point of a hedgehog
spin-vortex crystal (SVC) order, which is discovered in
those Ni or Co doped compounds and has two perpen-
dicularly ordered moments with equal magnitudes within
the ab−plane [29, 30]. Previously, our unpolarized neu-
tron scattering experiments have revealed triple reso-
nance modes around 9.5 meV, 13 meV and 18.3 meV
[Figs. 1(d) and 1(e)][31]. All of them show strong L-
modulations which can be classified into odd and even
symmetries with respect to the Fe-Fe distance within one
Fe-As bilayer unit[Figs. 1(c)-(e)] [31–34]. Such separated
multiple resonance modes from non-degenerate spin exci-
tations offer a unique chance to study the spin anisotropy
of each mode. Here by using polarized neutron scattering
analysis [Fig. 1(b)], we have found that the high-energy
even mode of spin resonance is isotropic, while the low-
energy odd modes become pronouncedly anisotropic with
a c−axis polarized mode around 9 meV overlapped with
a weakly anisotropic in-plane mode around 12 meV. The
maximum energy of spin anisotropy also follows the lin-
ear scaling with Tc as shown in doped BaFe2As2 systems
[Fig. 1(f)]. The spin anisotropy in CaKFe4As4 can be
attributed to the SOC under SVC-type fluctuations. It
is pushed to higher energy and then strongly enhanced
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FIG. 1: (a) Crystal structure of CaKFe4As4, the lattice axes
are indicated in the tetragonal notation, the blue shadow area
indicates the Fe-As bilayer unit. (b)The scattering plane and
the definition of the spin polarization directions in the re-
ciprocal space. (c) Odd and even L-symmetries of the spin
resonance. The dashed lines indicate the non-integral L posi-
tions with maximum intensities. (d), (e) Schematic diagrams
of three spin resonance modes at Q = (1, 0, 3.24) (odd modes)
and Q = (1, 0, 2.16) (even mode) deduced from the intensity
differences between T = 1.5 K and 40 K [31]. (f) Linear
scaling between the maximum spin anisotropy energy and Tc.
in the spin resonance after cooling down below Tc.
We used the same set of CaKFe4As4 single crystals in
our previous unpolarized neutron scattering experiments
[31]. The polarized neutron scattering experiments were
carried out using the CryoPAD system at the CEA-CRG
IN22 thermal triple-axis spectrometer in Institut Laue-
Langevin, Grenoble, France, with a fixed final energy
Ef = 14.7 meV. The CryoPAD system provides a strictly
zero magnetic field environment for the measured sam-
ple, thus avoiding errors due to flux inclusion and field
expulsion in the superconducting state of the sample [35].
The scattering plane is [H, 0, 0]×[0, 0, L] defined using the
magnetic unit cell same as before [31]: aM = bM = 5.45
A˚, c = 12.63 A˚, in which the wave vector Q at (qx, qy,
qz) is (H,K,L) = (qxaM/2pi, qybM/2pi, qzc/2pi) recipro-
cal lattice units (r.l.u.). We defined the neutron polar-
ization directions as x, y, z, with x parallel to Q, and y
(in scattering plane) and z (out of scattering plane) per-
pendicular to Q as shown in Fig. 1(b). Since the spin
of a neutron has a tendency to flip (spin-flip: SF) af-
ter a scattering event with the magnetic excitations from
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FIG. 2: Raw data of constant-Q scans of σSFx , σ
SF
y , and σ
SF
z
at Q = (1, 0, L) with (a) L = 2.2, (c) L = 1.1, (e) L = 3.3 at
1.5 K (superconducting state) and (b) L = 2.2, (d) L = 1.1,
(f) L = 3.3 at 40 K (normal state). Open circles are the
background estimated by using B = σSFy + σ
SF
z − σSFx .
sample. The three neutron SF scattering cross sections
can be written as σSFx , σ
SF
y , and σ
SF
z . Because neutron
SF scattering is only sensitive to the magnetic excita-
tions/moments that are perpendicular to the momentum
transfer Q and the neutron spin polarization directions
[1, 15, 24], in our geometry:
σSFx = cMy + cMz +B,
σSFy = cMz +B,
σSFz = cMy +B.
(1)
Here, My and Mz are the magnitudes of magnetic exci-
tations along the y and z directions, B is the constant
background, and c = (R − 1)/(R + 1). The spin flip-
ping ratio R represents the quality of the neutron spin
polarization, defined by the leakage of nuclear Bragg
peaks(should be non-spin-flip: NSF) into the SF channel:
R = σNSFnuclear/σ
SF
nuclear, which is about 13 in our experi-
ments. From Eq.(1), the background can be estimated by
comparing the SF scattering between all three channels,
which is B = σSFy +σ
SF
z −σSFx . My and Mz in Eq. (1) can
be further written as the combinations of the magnetic
3FIG. 3: (a), (b) Energy dependence of My and Mz at Q =
(1, 0, 3.3) below and above Tc. (c), (d) Energy dependence
of My and Mz at Q = (1, 0, 1.1) below and above Tc. (e, f)
Energy dependence of Ma, Mb, and Mc below and above Tc,
where the solid lines are guides to eyes.
excitations along the lattice axes aM , bM and c:
My = Ma sin
2 θ +Mc cos
2 θ,
Mz = Mb,
(2)
where θ is the angle between Q and the (H, 0, 0) direc-
tion [Fig. 1(b)]. By measuring the SF scattering cross
sections at least two unparallel Q positions with same
energy transfer, we can deduce all three components Ma,
Mb and Mc [36]. In this method, we don’t have to as-
sume Ma = Mb in the calculation [2–5, 26], even it is
very likely in this stoichiometric material with tetrago-
nal lattice structure [27, 28].
Since the maximum intensities of the spin resonance
modes locate at non-integer L positions like L = 1.08,
3.24, 5.39 for the odd modes, and L = 2.16, 4.31, 6.47
for the even mode [Fig. 1(c)][31], we picked the non-
integer L indexes L = 1.1, 2.2 and 3.3 to do the mea-
surements for accuracy. Figure 2 gives the raw energy
scans of σSFx , σ
SF
y , and σ
SF
z at Q = (1, 0, L). In con-
trast to the almost featureless results in the normal state
[Figs. 2(b), 2(d) and 2(f)], the spin excitations in the
superconducting state show clear spin resonance peaks
[Figs. 2(a), 2(c) and 2(e)] around 18 meV for L = 2.2
(even mode) and 10 meV for L = 1.1 and L = 3.3 (odd
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FIG. 4: (a), (b) Temperature dependence of the σSFx , σ
SF
y ,
and σSFz at Q = (1, 0, 3.3) at 2 meV and 10 meV, where the
open circles are estimated backgrounds. (c), (d) Temperature
dependence of the My and Mz at Q = (1, 0, 3.3) at 2 meV
and 10 meV. The solid lines are guides to eyes. The vertical
dashed lines indicate Tc.
modes) in all the SF channels. These observed spin reso-
nance modes are consistent with the previous unpolarized
results [31]. If the spin excitations are isotropic in spin
space, there will be no difference between My and Mz,
thus σSFy = σ
SF
z = (σ
SF
x + B)/2 [2, 26]. It is indeed the
case at Q = (1, 0, 2.2) in both the superconducting and
normal state [Figs. 2(a) and 2(b)], suggesting the even
mode is completely isotropic. While the results for the
odd modes atQ = (1, 0, 3.3) and (1, 0, 1.1) are very differ-
ent. In detail, in the superconducting state, the spin exci-
tations are remarkably anisotropic in the energy window
E = 6 ∼ 15 meV for the odd modes of spin resonance,
and there is a full spin gap below 5 meV due to the iden-
tical intensities for all three channels (σSFx = σ
SF
y = σ
SF
z ),
which only measures the isotropic backgrounds [Fig. 2(c)
and (e)]. Above Tc, the signals become almost isotropic
except for a weak anisotropy remained at low energies
below 6 meV [Fig. 2(d) and (f)]. The intensity differ-
ences between Q = (1, 0, 3.3) and (1, 0, 1.1) come from
the magnetic form factor and the instrument resolution
effects [2, 36].
Using Eq. (1), we can obtain the magnitudes of mag-
netic excitations along y and z polarization directions:
cMy = σ
SF
x − σSFy and cMz = σSFx − σSFz . The inten-
sity difference of spin excitations along the y and z di-
rections displays the anisotropic behavior more visually
[Figs. 3(a)-3(d)]. With My and Mz derived from two
equivalent Q positions Q = (1, 0, 1.1) and Q = (1, 0, 3.3),
we can further calculate Ma, Mb and Mc from Eq. (2).
The angle θ between Q and a∗ for L = 1.1 and 3.3 are
25.5◦ and 55◦, respectively [36]. Figures 3(e) and 3(f)
4display the energy dependence of Ma, Mb, and Mc in the
superconducting state and normal state, respectively. We
can identify a c-axis polarized resonance mode around
9 meV overlapped with another weakly anisotropic in-
plane mode around 12 meV, corresponding to the two
overlapped odd modes in the previous unpolarized re-
port [31]. The spin gap of all channels seems to develop
at the same energy E = 6 meV. The weak anisotropy
in the normal state at low energy is also partially c-axis
polarized below 6 meV, as shown in Fig. 3(f).
To track the anisotropy of spin gap and spin res-
onance induced by the superconducting transition in
CaKFe4As4, we have performed temperature scans at
Q = (1, 0, 3.3) with energy transfer E = 2 meV and 10
meV, the results are shown in Fig. 4. At E = 2 meV, the
spin anisotropy of σSFz > σ
SF
y (My > Mz) can be clearly
seen in the normal state and gradually become invisible
below Tc for the zero intensity of the full spin gap open-
ing in all the SF channels [Figs. 4(a) and (c)]. For E =
10 meV, the results are completely opposite: the same
type of spin anisotropy (My > Mz) develops only below
Tc when entering into the superconducting state [Figs.
4(b) and (d)]. Such intimate relationships between the
spin anisotropy and the superconducting transition indi-
cates that the spin anisotropy is strongly affected by the
superconductivity in CaKFe4As4.
The spin anisotropy in CaKFe4As4 gives us new clues
to understand the SOC in the superconducting state.
Firstly, the spin anisotropy solely presented in the odd
modes of spin resonance most likely originates from the
SOC. Since the odd and even modes of spin resonance are
corresponding to the symmetric and antisymmetric states
of the non-degenerate magnetic excitations in FeAs inter-
bilayer [31–34], both of them should be isotropic in spin-
space, assuming that the spin resonance is indeed from
a spin-1 exciton of the singlet Cooper pairs and there
is no SOC. However, with sufficient SOC, the orbital-
selective electron correlations and superconducting pair-
ings would possibly introduce spin-excitations anisotropy
[11–13]. Secondly, the spin anisotropy from SOC is lim-
ited at low-energy spin excitations both in the normal
state and the superconducting state, thus the high-energy
even mode of spin resonance can keep isotropic. In fact,
for many iron-based superconductors explored so far, the
anisotropy of spin resonance mostly exists at the low
energy part of the resonance peak, while above ER it
is nearly isotropic [2, 4, 5, 16, 18–20, 23–25]. In the
FeSe system with sufficiently low Tc (about 8 K) and
ER (about 4 meV), the spin resonance peak can be fully
c−axis polarized [25]. Thirdly, the SOC is significantly
enhanced in the superconducting state. The supercon-
ducting gap opening below Tc, not only evokes the col-
lective spin resonance modes, but also partially even fully
gaps the low-energy spin excitations. This effect transfers
the small spin anisotropy in the normal state to higher
energy, which is boosted by the spin resonance in the
superconducting state. Because the resonance energy is
proportional to the superconducting gaps and Tc[26, 31],
a positive relation between the maximum energy of spin
anisotropy and Tc would be expected in those iron-based
superconductors with similar strength of SOC [Fig.1(f)]
[4, 5].
The character of SOC is an important key to un-
derstand the magnetic structure and superconductiv-
ity in the iron-based superconductors [25, 37, 38]. In
fact, the SOC induced axis-polarized intensity of the
spin resonance mode is usually attributed to a prox-
imity to a possible AF instability or structural tran-
sition [2, 4, 5, 16, 18–20, 23–25]. Although the stoi-
chiometric CaKFe4As4 is naturally paramagnetic, a C4
symmetric SVC phase with ordered moments within ab-
plane emerges after doping 3.3% Ni or 7.2% Co to sup-
press the superconductivity below 20 K, where two wave-
vectors have equal magnitudes in a orthogonal geometry
(〈|M1|〉 = 〈|M2|〉 6= 0,〈M1〉 · 〈M2〉 = 0) [29, 30]. Unlike
the Ising-nematic order in the stripe-type AF structure,
the SVC phase has an order parameter (ϕ = 〈M1×M2〉)
that breaks the spin-rotational symmetry from O(3) to
O(2) and produces chiral spin currents together with
strong SOC [39]. In other words, assuming one of the
moment M1 is fixed, another moment M2 would pre-
fer to fluctuate in the plane perpendicular to easy-plane
(ab−plane), giving c−axis polarized magnetic excitations
(Mc) at low energy first. The other two modes within the
easy-plane (Ma and Mb) should cost more energy, since
it requires both M1 and M2 to fluctuate simultaneously
along their direction or to rotate synchronously within
the plane, not to mention the stronger exchange coupling
Jab > Jc [2, 3, 7]. Indeed, this is exactly the case in the
spin resonance of CaKFe4As4, for the asymmetric inten-
sity between the c−axis polarized mode around 9 meV
and the in-plane mode around 12 meV, where slight dif-
ference between Ma and Mb is also reasonable due to
their different origins. Further polarized neutron scat-
tering experiments on the Ni/Co doped CaKFe4As4 in
the spin-vortex state will be helpful to clarify this issue.
In summary, our polarized neutron scattering analysis
on CaKFe4As4 suggests that the spin anisotropy only
emerges in the low-energy odd mode of spin resonance,
while the high-energy even mode is demonstrated to be
isotropic in spin space. Although the spin anisotropy is
weak at normal state, it can be significantly enhanced by
the superconductivity below Tc. The c−axis polarized
mode around 9 meV along with the overlapped in-plane
mode around 12 meV, are probably induced by the SOC
in the SVC-type fluctuations.
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In our experiment, the scattering plane is [H, 0, 0] ×
[0, 0, L] defined using the magnetic unit cell similar to the
122-type iron pnictides: aM = bM = 5.45 A˚, c = 12.63 A˚,
in which the wave vector Q at (qx, qy, qz) is (H,K,L) =
(qxa/2pi, qyb/2pi, qzc/2pi) reciprocal lattice units (r.l.u.).
We defined the neutron polarization directions as x, y, z,
with x parallel toQ, and y (in plane) and z (out of plane)
perpendicular to Q [1]. In our geometry:
σSFx = cMy + cMz +B,
σSFy = cMz +B,
σSFz = cMy +B.
(3)
Thus My and Mz can be written as:
cMy = σ
SF
x − σSFy ,
cMz = σ
SF
x − σSFz . (4)
My and Mz are also the combinations of the magnetic
excitations along the lattice axes aM , bM and c [2–5]:
My = Ma sin
2 θ +Mc cos
2 θ,
Mz = Mb,
(5)
where θ is the angle between Q and the (H, 0, 0) direc-
tion. Therefore, we can obtain the intensity of magnetic
excitations along the lattice axes Ma, Mb and Mc by
measuring the SF scattering cross sections at two (or
more) unparallel but equivalent Q positions. For the odd
modes of spin resonance, we measured the SF scattering
cross sections at Q1 = (1, 0, 1.1) and Q2 = (1, 0, 3.3). At
Q = (H, 0, L), tanθ = (2piL/c)/(2piH/a) = La/Hc, θ =
arctan(La/Hc). Thus, for Q1 = (1, 0, 1.1), θ1 ≈ 25.5◦,
forQ2 = (1, 0, 3.3), θ2 ≈ 50◦, respectively. Then we have:
My(Q1) = Ma sin
2 25.5◦ +Mc cos2 25.5◦,
My(Q2) = Ma sin
2 50◦ +Mc cos2 50◦.
(6)
In principle, Mz is fully identical to Mb. However, the
experimental results will give Mz(Q1) 6=Mz(Q2) for the
normalization effect from the magnetic form factors and
instrumental resolution at different Q1 and Q2. Here we
simply use a factor e to represent such effects and suppose
it is temperature independent. It can be determined by
the ratio of Mz(Q1)/Mz(Q2), My has to be normalized
by the same ratio as well, namely:
Mb = Mz(Q1) = eMz(Q2),
My(Q1) = Ma sin
2 25.5◦ +Mc cos2 25.5◦
= 0.185Ma + 0.815Mc,
eMy(Q2) = Ma sin
2 50◦ +Mc cos2 50◦
= 0.672Ma + 0.328Mc.
(7)
Therefore, by solving the above equations, we can obtain
Ma, Mb and Mc in arbitrary units.
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